ABSTRACT Environmental particles enter the chicken via several routes. Entry via the respiratory and cloacal routes likely activates immune responses. We studied the localization of simultaneous intratracheally and cloacally applied beads of 2 sizes in the chicken body in time, and when possible, semiquantified the amount of beads. Ten broiler hens, 3.5 wk of age, received 1.25 × 10 9
INTRODUCTION
Various entry routes of environmental particles in chickens are known. Particles including bacteria may be taken up via the gut, contracted via the eyes, obtained via the cloaca, or inhaled via the respiratory tract. The cloaca and the respiratory tract (lungs and air sacs) are likely important entry routes, whereas uptake via the eyes is probably relatively limited. Uptake via the gut is strongly regulated by the enterocytes and in addition compensated and partly neutralized by the gut microbiota. In addition, the intestinal tract is protected by an extensive immune system.
Various studies reported immune responses to modelspecific antigens and innate antigens or pathogen-associated molecular patterns (PAMP) or modulation of immune responses after cloacal and bursal challenges with bacteria and PAMP (Matsuda et al., 1976; Ekino et al., 1979 Ekino et al., , 1985 . Cloacal drinking (uptake of particles by contractions of the cloaca) can lead to antigenic challenge of the bursa of Fabricius, resulting in an effective systemic antibody response (Sorvari et al., 1975) . The injection of SRBC into the cloacal lumen induced a secondary-like antibody response to subsequently intravenously injected SRBC, indicating that a systemic antibody response can be induced via the cloaca (Ekino et al., 1979) . These systemic reactions suggested uptake of antigenic material applied via the cloaca. However, little is known of the mechanisms underlying uptake via the cloaca, the final localization of the antigens or particles in time, and the way these components activate the immune system. An earlier study with fluoresceinlabeled polystyrene beads applied to the cloaca of broilers revealed that 27% of all beads localized in the lumen of the bursa (van der Sluis et al., 2009) , and 28.3% of all beads was traced in the content of the ileum and rectum. Localization, digestion, or expulsion of the rest of the cloacally applied beads remained unknown. Challenge of the respiratory tract of poultry with antigens, bacteria, and PAMP was the subject of various studies (Wideman et al., 2004; Parmentier et al., 2008; Lai et al., 2009 ). Primary and secondary antibody responses to intratracheally (I.T.) challenged antigens and modulatory effects of simultaneously I.T. administered PAMP were reported for layers (Ploegaert et al., 2007; Parmentier et al., 2008) and broilers (Lai et al., 2009 (Lai et al., , 2011 . These findings suggested that both specific antigens as well as PAMP were systemically taken up and immunologically processed. However, as is true for the cloaca, little is known of the processes underlying the systemic immune responses to antigens obtained via the respiratory tract. High levels of dust particles ranging from smaller than 1 μm to larger than 10 μm were found in poultry houses (0.89 to 3.78 mg/m 3 ; Lai et al., 2011) , which were suggested to cause health problems (Collins and Algers, 1986) . In experimentally challenged 2-and 4-wk-old broilers, fluorescent labeled particles larger than 10 μm were almost absent in the lower and upper respiratory tract, particles between 5 and 10 μm were mainly found in the nose and eyes, and in small amounts in the lower respiratory tracts. Particles smaller than 5 μm were more homogeneously deposited in the complete respiratory tract. This suggested that smaller beads may enter the chicken body more effectively, e.g., penetrate the body more easily and consequently can have a larger (health) impact than larger, less penetrating particles. However, not all beads were located in the respiratory tract (roughly 80%), but also partly in the first part of gastrointestinal tract (Corbanie et al., 2006) . The I.T. administered immunogenic particles [beads coated with lipopolysaccharide (LPS) or avian influenza A antigen] were taken up by chicken dendritic cells and occasionally transported via the blood to the spleen (de Geus et al., 2012) .
We studied the localization of 2 different sizes of nonimmunogenic particles in chickens simultaneously applied via the respiratory tract and the cloaca as a model for entry of dust particles in chicken houses. Particles were traced back in different tissues in time and when possible (semi-)quantified. We expected that 1) different-sized foreign particles may locate in different tissues or in different concentrations, 2) a higher concentration of beads may locate in immunologically important tissues or in tissues with many phagocytic cells, (e.g., spleen and liver), 3) I.T. applied beads may locate in different tissues and concentrations than cloacally applied beads, and 4) distribution of foreign particles may rest on different transport mechanisms: via the blood, via cells (phagocytes), air sac penetration (trachea), or mechanical transport (cloaca). At present, it is not known where I.T. and cloacally taken-up environmental particles locate and how long they remain present at these sites. Knowledge of localization of fluorescent nondegradable particles may be a good model for studying the entry route and final localization of dust and other particles in chickens, which may add to optimizing vaccine and health management. 
MATERIALS AND METHODS

Birds and Housing
Reagents
Fluorescein-labeled polystyrene beads (FLUO-SPHERES polystyrene microspheres): 1.0-μm yellowgreen fluorescein isothiocyanate (FITC) fluorescent, F13081, lot 780720; 1.0-μm red tetramethylrhodamine isothiocyanate (TRITC) fluorescent, F13083, lot 834676; 10-μm yellow-green (FITC) fluorescent, F8836, lot 805261 (3x); 10-μm red (TRITC) fluorescent, F8834, lot 756069 (2x), lot 839851 (1x), and lot 880479 (1x) were all from Invitrogen (Westburg, Breda, the Netherlands).
Experimental Design
At 3.5 wk of age, all birds received I.T. 0.5 mL of PBS with 1.25 × 10 9 1.0-μm red beads and 1.05 × 10 7 10-μm red beads. The I.T. challenges were performed by placing a 1.2 × 60 mm blunted anal cannula (InstruVet, Cuijk, the Netherlands) on a 1-mL syringe gently in the trachea of the chick. Approximately 3 min later, birds were held upside down and the abdomen was stimulated to defecate. After defecation, 0.5 mL of PBS with 1.25 × 10 9 1.0-μm yellow-green beads and 1.05 × 10 7 10-μm yellow-green beads were administered on top of the cloaca. Birds were held upside down until all fluid was taken up by the cloaca via cloacal reflexes. Both I.T. and cloacal samples were prepared 1 d in advance and stored at 4°C. Before use, the samples containing the beads were sonicated with a Sonomatic 150 S (Michael Böhm Ziehsteintechnik, Hainburg, Germany) to agitate the beads and prevent them from clotting and adhering to the tube.
Two randomly chosen birds were killed by cervical dislocation at 1 h, 6 h, 24 h, 48 h, and 1 wk postchallenge. The abdomen was opened and the sternum was lifted approximately 2 cm to collect the air sacs. The air sacs were put on glass slides and stored in the dark at room temperature. The following tissues were collected, weighed, snap frozen in liquid nitrogen, and stored at −80°C until use: bursa of Fabricius, gallbladder, kidney, liver, (the lower lobe of a) lung, spleen, thymus, approximately the first 4 cm of the small intestine (upper ileum without luminal content), approximately 3 cm of the middle part of a cecum (without luminal content), 1.5 cm of the humerus bone, and 1.5 cm of the radius bone. The luminal contents of the small intestine and the ceca were removed by placing 2 tweezers at one end and pulling one to the other end, simultaneously squeezing and collecting the luminal content in a separate tube. The weight of the luminal content of the small intestine and the cecum, as well as a fecal sample (either collected during slaughter or during collection of the organs) were measured and stored at −20°C until use. Blood was collected from all birds 30 min before slaughter. Five blood smears per chicken of 10 μL each were made. After drying, smears were stored in the dark at room temperature. Plasma was stored at −20°C until use.
Preparation of Tissues and Detection of Fluorescent Particles
All −80°C frozen tissues (except blood smears, bone marrow, luminal contents, feces, and air sacs) were taken in a cold environment (−20°C) and a small piece was collected. Special attention was given to the gallbladder to avoid release and loss of frozen bile. The smaller pieces were weighed and thawed. To remove all luminal content of the small intestine and the ceca, the luminal site of the samples were washed in PBS and gently squeezed with tweezers before use. All samples were separately squeezed by cutting them first and then squeezing them through a PA Nylon gauze of 100 μm (Stokvis & Smits N.V., IJmuiden, the Netherlands) with the help of the plunger of a syringe. The PBS was used to wet the nylon and the sample. The PBS was also used to spray through the squeezed sample. After this, the fluid containing the sample was collected and centrifuged with an Eppendorf centrifuge for 2 min at 3.0 × g at room temperature. The supernatant was poured in a new tube and centrifuged for 2 min at 5.0 × g at room temperature. Next, 200 μL of PBS was added and the pellet was dissolved again. The fluid of this tube was then added to the other tube and the second pellet was dissolved. A microscope slide was made for each sample by allowing 10 μL of the fluid of each sample to dry.
Frozen bones were flushed with PBS and a syringe to collect bone marrow. The eluted fluid was homogenized, and a droplet of 10 μL was put on a slide. Intestinal parts and content (small intestine, ceca, and feces) were taken and weighted. Samples were dissolved in 200 μL of PBS. A slide for each sample was made by allowing 10 μL of the fluid to dry.
All slides were examined using a fluorescence microscope (Zeiss, Oberkochen, Germany, and Nikon Instruments Europe B.V., Amstelveen, the Netherlands). The presence of yellow-green FITC-fluorescent beads was done at 505 nm excitation and 515 nm emission, and the presence of red TRITC-fluorescent beads at 580 nm excitation and 605 nm emission. Pictures were taken with a DP50 digital camera (Olympus, Hamburg, Germany) connected to the fluorescence microscope.
(Semi-)quantification of Fluorescent Particles
First, quantification of fluorescent beads in material extracted from tissue pressed through a nylon gauze was done. If more than 30 beads (of one color and size) were present, 4 more samples were made to estimate the average amount of beads per sample. If very high numbers (arbitrary) of beads were present, the original sample was diluted until a reasonable number of beads (arbitrary) allowed quantification. The number of each of the 4 types of beads (color × size) was counted and calculated to a corrected estimated total amount of that type of bead per total organ (amount of beads × weight of total organ/weight of sample used). This was expressed as a percentage of the total amount of beads administered and as a percentage of the total amount of beads relocated in the chicken body.
Second, semiquantification of blood smears, intestinal and cecal contents, and bone marrow was done. All air sac samples (ranging from 4 to 14 samples per bird with a median of 10) and all 5 blood smears were examined by fluorescence microscopy. Only one sample per bird was examined for the luminal content of the small intestine, the ceca, and the fecal sample. When no beads were present in a blood, bone marrow, or tissue sample, no further counting was done. The number of different beads in the air sacs, intestinal contents, blood, and bone marrow samples could not be calculated to a standard amount and were therefore semiquantified. Semiquantification for these samples was done on a qualitative scale: 0 (no beads), 1 (low amount of beads, <100 beads), 2 (>100 beads), 3 (>1,000 beads), and 4 (very high amount of beads; too numerous to count). The number of found beads in the humerus and radius bones was quantified on a different qualita-tive scale: 0 (no beads), 1 (<10 beads), 2 (<50 beads), 3 (<100 beads), and 4 (>100 beads). The number of found beads in 10 μL of blood was also quantified on a different qualitative scale: 0 (no beads), 1 (<1 beads), 2 (<10 beads), 3 (<100 beads), and 4 (>100 beads).
RESULTS
Most results of the presence and (semi-)quantification of beads in various tissues in time are shown in Figures  1 to 3 . Figure 1 shows the I.T. connected organs (e.g., lung, air sac, humerus, and radius). Figure 2 shows the cloacally connected organs and content samples (e.g., small intestine/upper ileum, small intestinal content, cecum, cecum content, bursa of Fabricius, and feces). Figure 3 shows all other organs (e.g., blood, liver, gallbladder, kidney, spleen, and thymus). The results of the different routes of entry will be discussed below.
I.T. Connected Organs
As expected, red beads located mainly in the lungs at all sample moments. Up to an estimated 14.5% of the total applied 1-μm red (TRITC) beads and an esti- A and C show 10-μm beads, and B, D, E, and F show 1-μm beads. Scale, air sac: 0 = no beads, 1 = <100 beads, 2 = >100 beads, 3 = >1,000 beads, and 4 = not countable, ratable, or both. Scale, humerus and radius: 0 = no beads, 1 = <10 beads, 2 = <50 beads, 3 = <100 beads, and 4 = >100 beads. , and B, D, E , G, H, and J show 1-μm beads. Scale, blood: 0 = no beads, 1 = <1 beads, 2 = <10 beads, 3 = <100 beads, and 4 = >100 beads. Scale (all other): 0 = no beads, 1 = <100 beads, 2 = >100 beads, 3 = >1,000 beads, and 4 = too numerous to count. mated 11.3% of the total applied 10-μm red beads were located in the respiratory tract. The maximum difference of the total number of located 1-μm red beads in the respiratory tract varied between an estimated 3.0% and an estimated 14.5% between the 2 birds sampled after 1 h. The maximum difference of total amount of located 10-μm red beads in the respiratory tract varied between an estimated 1.1% and an estimated 11.3% between the 2 birds sampled after 1 h. Red bead clearance in the lungs likely occurred already before 6 h. At 24 h, relatively small amounts (an estimated 0.2 and 0.0% for 10-μm beads and an estimated 0.3 and 0.0% for 1-μm beads of the total of applied red beads) were still present in the lungs. High numbers of red beads (both 1 and 10 μm) were also observed in the air sacs, which gradually decreased in time. This was also observed for the humerus and radius, albeit to a lesser extent and with a higher clearance rate.
Relatively high numbers of green beads of both sizes were detected in the lungs, already at 1 h after cloacal challenge. Green bead deposition in the air sacs was observed at all sample moments. Within the bone marrow 1-μm green beads were slightly more present than 1-μm red beads.
Cloacally Connected Organs
In intestine-associated samples (e.g., small intestine and contents, cecum and contents, feces, and bursa of Fabricius) red and green fluorescent materials were found that were likely of dietary origin. However, the experimentally applied fluorescent beads were clearly distinguishable from these materials.
Localization of green beads, as expected, occurred mainly in the bursa at all sample moments. The number of (yellow-)green (FITC) beads in the bursa was relatively high: an estimated 1.9% of the total applied 1-μm green beads and an estimated 0.1% of the total applied 10-μm green fluorescence beads were located in the bursa. The maximum difference of total amount of located 1-μm green beads in the bursa varied between an estimated 0.3% and an estimated 1.9% between the 2 birds sampled after 1 h. The maximum difference of total amount of located 10-μm green beads in the bursa varied between an estimated 0.0% and an estimated 0.1% between the 2 birds sampled after 1 h.
One-micrometer green beads showed a constant level in the small intestinal and ceca wall, although a small peak was observed at 1 and 6 h after cloacal challenge. One-micrometer green beads showed high presence in fecal samples, especially at 1 and 6 h postchallenge. No 10-μm green beads were found in the wall of the small intestine and the ceca and were only scarcely detected in the luminal content of the small intestine (data not shown). Ten-micrometer green beads within the luminal content of the ceca showed an increase until 24 h, but numbers decreased thereafter. A decrease was also observed for these 10-μm green beads in the feces starting at 1 h after cloacal challenge and decreasing to almost no green 10-μm beads after 1 wk.
Small numbers of red beads were already found in the bursa within 1 h, and thus probably traveled throughout the whole body. One-micrometer red beads were found in the wall of the small intestine and the cecum at all moments, but numbers decreased after 6 h postchallenge. The luminal content of the small intestine showed no 1-μm red beads at 1 h, but low amounts were found at the subsequent sample moments. The luminal content of the cecum showed 1-μm red beads at all moments with a peak at 24 h postchallenge. The feces contained no 1-μm red beads at 1 h after I.T. challenge, but very high amounts of 1-μm red beads at 6 and 24 h after I.T. challenge. Also at 48 h and 1 wk after I.T. challenge, there were still many 1-μm red beads present in the feces. Low numbers of 10-μm red beads were observed in the lumen and wall of the small intestine and in the wall of the cecum after 1 h (data not shown). However, higher levels were observed in the lumen of the cecum, with a peak at 24 and 48 h postchallenge. Ten-micrometer red beads were also found at 6 h postchallenge in the feces and then numbers gradually decreased.
All Other Organs
Relatively high amounts of red particles of both sizes were found in the kidneys at all sample moments after challenge. Although lower, still relatively high levels of both sizes of red beads were located in the liver and in the thymus. Small numbers of beads were found in the gallbladder and even fewer in the spleen (not all data shown).
The liver and consequently the gallbladder contained high numbers of 1-μm green particles, especially at 1 h after challenge. In the kidney, 1-μm green beads were present at all sample moments. At 1 and 6 h after cloacal challenge, the thymus showed a very constant level of 1-μm green beads for both chickens sampled (17,000 to 18,000 1-μm beads). After 1 h posttreatment, one chicken showed a high deposition of 1-μm green beads in the spleen, whereas the other chicken hardly deposited any 1-μm green beads in the spleen. At other sample moment, only few 1-μm green beads were found in the spleen. However, almost no 10-μm green beads were found in the liver, gallbladder, kidney, spleen, and thymus (not all data shown).
These tissues never showed more than an estimated 1% of the total amount of administered beads. In the blood smears, 1-μm red beads were found in slightly higher amounts than green beads. On the whole, most tissues showed a more or less equal division between the 10-and 1-μm beads of both colors. Most tissues also showed decreasing numbers of beads in time, suggesting bead clearance already at 24 h, except for the kidney where bead clearance was indicated at 48 h.
DISCUSSION
Next to the digestive tract, the respiratory tract and the cloacal route are likely important routes of antigenic entry in the chicken. Little is known of the mechanisms by which specific and innate antigens or microbes penetrate the chicken body via these routes, the final destiny and localization, and the clearance or immune processing of antigens by the chicken. Because hygiene in chicken houses most likely (in)directly affects immune responsiveness and as a consequence influences responses to vaccines, production, behavior, and disease resistance, more knowledge on the capacity of microbes to penetrate the chicken is required. A limited number of studies was directed on the fate of particles after experimental administration either in the respiratory tract or the cloaca of the chicken. These studies were limited to sampling shortly after challenge. In the present study we studied longer periods after challenge, because a continuous presence of invading microbes may affect subsequent innate or specific immune responses. We used nonimmunogenic, nondegradable (polystyrene) beads to avoid immune-mediated clearance or degradation, and evaluated the final destination of beads from 2 different sizes after I.T. and cloacal challenge. Our results do not reveal transport mechanisms nor the fate of particles with immunogenic features nor the fate of particles sensitive to digestion during phagocytosis or complement activity, which was addressed by de Geus et al. (2012) .
Earlier studies indicated that beads are already removed within 1 h or fail to penetrate the chicken body. Already 44.7% of cloacally applied 1-μm beads were lost after 15 min (van der Sluis et al., 2009 ), whereas recovery rates averaged between 73 and 82% at 20 min after a respiratory challenge (Corbanie et al., 2006) . In the present experiment, sampling birds earlier than 1 h might have resulted in a higher recovery rate of applied beads. However, assuming that immune responses require the entrance into the body and the presence of an antigen for more than 1 h, we focused our study on moments later than 1 h. Although distribution of the 2 sizes and 2 colors of beads could differ between 2 birds sampled at a moment based on quantitative and qualitative criteria, beads of both colors and both sizes were always found in an individually challenged bird. Differences in levels of beads in tissues between the birds may rest on individual uniqueness to process or clear the beads, but loss of beads due to coughing or dropping from the cloaca cannot be completely excluded. In the present study, the 1-μm beads of both colors were administered in a 100-fold higher concentration than the 10-μm beads of both colors. However, more than 100-fold differences in relative numbers and distribution of the beads in almost all tissues were observed. This was probably also true for some semiquantified tissues, but a good comparison for these tissues on a qualitative scale remained difficult. In some samples of the lung, cecum contents, and feces, a 100-fold difference was found, which may reflect the almost direct location of administration.
As expected, red (TRITC) beads of both sizes located mainly in I.T. connected organs at all sample moments. Red bead clearance in the lungs likely occurred within 6 h postchallenge. This is consistent with reported macrophage activity in the lungs (Ochs et al., 1988) . We hypothesize that the red beads went via the lungs to the air sacs and consequently to the humerus and radius marrow, and probably also other aerated bones. The 1-μm red beads were also observed in the intestinal and cecum walls. With respect to the cecum, the 1-μm red beads were found in the cecal content after 1 h, but neither in the lumen of the small intestine (upper ileum) nor in the feces. This suggested that after clearance in the lungs, these beads did not reach the small intestine via an oral/intestinal route. It is therefore tempting to speculate that the ceca are capable of excreting small particles. In addition, the ceca and small intestine were suggested to be capable of taking up particles from the cecal lumen (Porter et al., 1997) , but this was not found in other studies (van der Sluis et al., 2009) .
Green beads were mainly located in the cloacally connected tissues. Cloacally administered green beads were found mainly in the bursa at all sample moments. Like in the respiratory tract for red beads, clearance of green bead in the bursa was found at 6 h. The green beads may have been taken up by the cloaca and subsequently deposited in the bursa of Fabricius, or the intestines or oviduct. By intestinal peristaltic (reflux) movements, material present at the end of the intestine can also be transported back to the ceca and even further into the small intestines. After 1 h, very high numbers of green beads were found in the cecal lumen and also, though in less numbers and only for 1-μm beads, in the lumen of the small intestine.
Cloacally applied green beads were also found in I.T. connected organs, and I.T. applied red beads were also found in cloacally connected organs. Green beads were found in relatively higher numbers in I.T. connected organs. This suggests that a cloaca-to-I.T. route through the body seems to be more direct than an I.T.-to-cloaca route through the body. Mechanisms of entrance and subsequently transport of the beads remained unknown. Localization of beads in the bursal tissue (data not shown) and in air sacs and bone marrow suggested active up-take or phagocytosis as suggested by van der Sluis et al. (2009) .
Within 1 h postchallenge, red and green beads were found in bursa, respiratory tract, liver, thymus, kidney, spleen, and gallbladder, suggesting transport via the bloodstream. Four deposition routes of beads to the intestine are suggested: liver, kidneys, bursa, and ceca. The liver and consequently the gallbladder contained many beads, indicating that the liver functions as a drain for more blood vessels than those originating from the digestive tract. Also, the kidneys are a suggested route of deposition, based on high numbers of beads at all sample moments. The effective pore size of the kidney layers varies, but is not bigger than 100 nm (Choi et al., 2011) , which may not facilitate the passage of the currently used beads. However, the kidney may (temporarily) function as a repository, as suggested by the relative high levels of beads at all sample moments. In addition, the presence of red I.T. administered beads already within 1 h suggested that bursa and ceca also function as repositories. We found only few beads in the spleen. This may rest on the nonimmunogenic nature of the beads. The LPS-or avian influenza A antigen coated-beads located differently in the chicken, but uncoated (nonimmunogenic) beads were also not found in the spleen by others (de Geus et al., 2012) . We observed beads in the thymus, which is generally considered as a closed immune privileged site for non-selfstructures. Because high numbers were found mainly in the outer layer of the thymus or in thymic blood vessels, beads were probably not in direct contact with naive thymocytes.
In summary, beads of 2 sizes, and nonimmune of nature were found throughout the chicken in various tissues for a prolonged period. The distribution was not in contrast with earlier findings that I.T. or cloacally administered antigens may provoke innate and specific immune responses. Our results suggest that chickens are highly sensitive for environmental airborne or floorderived antigens. Application of beads of different sizes (as a model for dust) with or without antigenic components may likely add to more knowledge on the distribution and final clearance of antigenic components and finally contribute to optimization of chicken health procedures.
